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HWZMDMRY REPORTOFEX3?ERIMENlM.LINVESTIGATIONOF

RAM-JETCONTROISANDENGINEDYNAMICS

By G.Vasu,F.A. Wilcox,andS. C.Himmel

SUMMARY

Thepreliminaryrestitsofan experimentalinvestigationof thein-
ternaldynsmicsofa rsm-jetenginead thesteady-stateanddynamic
perfomnancecharacteristicsofa numberofram-jetenginecontrolsare
presented.Theinvestigationwasconductedona 16-tichrsm-jetengine
overtherangeoffree-streamMachnumbersfrom1.5to 2.16.

Threetypesof enginecontrolsystemwereinvesti~ted.Thesewere
(1}shockpositioning,(2)directcontrolofdiffuser-exitpressure,and

● (3)an optimalizingcontroldesignedto obtainpeakpressurerecovery
fromthediffuser.Allthreesystemsoperatedsatisfactorilyandappear
topresentpracticablemeansof controllingrsm-jetengines.

i
Theresponsesofpressureswithintheram-jetengineto disturbances

h fuelflowappearto comprise‘adeadtimeincascadewitha lead-lag
characteristic.Thedeadtimevariedfrom0.02to 0.05secondoverthe
rangeofengineandsimulatedflightconditionsinvestigated.Therise
ratiointhelead-lagcharacteristicvariedfrom0.5to S.0,andthe
timeconstantinthelead-lagvariedfrom0.1to 0.4secondoverthe
samerangeof conditions.

INTRODUCTION

Thesuccessfulapplicationoftheram-Jetengineas a propulsion
systemforsu~rsonicflightisdependent,to a great extent.,uponthe
developmentofenginecontrolsystemscapableofmaintaininga desired
modeofengineoperationandminimizingdeparturesfromdesiredcondi-
tionsresultingfromexternalsadinternaldisturbancesactingon the
engine-controlsystem.

s Priorto thedesignofa satisfactorycontrolsystem,twothings
mustbe determined:first,theparameterswhichcanbe usedto control
thesystem:andsecond,thestaticanddynamicPerfomnce characteris-

. tics&f th&systemto~e controlled.AnalysesIrefs.1 and

~~aw ‘

2)have
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indicatedsomeram-Jetengineparameters@ich CW be wed forcOntrOl
Iw’I?oses~d ~so-someoflthetechniquespossibleinapplyingthese
parametersincontrolloops.

Inordertodeterminethedynamicsofyam-jetengineperformanceand
toascertainthepracticabilityof severalcontroltechniques,an experi-
mentalinvestigationwasconducted.ona full-scaler--Jeteng~e @ the.
8-by 6-footsupersonicwindtunnelofthe.~CALewislaboratory.Theob-
jectiveof theenginedynamicsportionoftheexperimentalprogr&i--wa6
to ascertainthenatureoftheresponseoftheinternalpressuresof
theram-Jetengineto disturbancesoftheengtieindependentvariables
(fuelflow,angleofattack,Machnumber,aildexhaust-nozzlearea).
Thecontrolsportionoftheprogramwasdesignedto evaluatethesteady-
stateanddynamicperformancecharacteristicsofthre~differentcontrol
techniques:(1)shockpositiontig,(2)directcontrolofdiffuserpres-
surerecovery,and(3}“optimalizer”controlofdiffuserpressurere-
covery.Thelattertwotechniquesarede6cribedinreference2.

APP~TUS ANDINSTRUMENTATION

EngineandInstallation

Theengineusedinthetestprogrsmwasa 16-inch-diameterramJet
s.ndisshownmountedinthe8-by 6-footsupersonicwtidtunnelfi-fig-
urel(a).A detaileddescriptionoftheenginesmditsperformanceis
giveninreference3.

Theinletwasdesignedso thattheobliqueshockgeneratedbythe
25°half-eagleconicalspikefellslightlyaheadofthecowllipatthe
designBkchnumberof1.8. Theenginehada conicalexhaustnozzlewith
sm exitareaof0.69ofthecombustion-chamberarea.Reductionstiexit
nozzleareaup to21percentwereobtainedby theuseofa movablewater-
cooledplug.

Er@ne angle.ofattackcouldbevariedfromzeroto 100 by rotatti_g
theengtieabouta pivotpointinthesuppo”%tstrut.I!yuseofthe
inclined-platetechniquedescribedirreverence4,theMch numberof
thefreestresmenteringtheenginecouldbe vari’edrapidlyby pitching
theenginewithplatesattachedtoan agle ofapproximately5°. ‘ko
plateswereused;thefirstprovideda rangeof&ch nunibersfrom1.7to
1.9,andthesecond,from2.0to2.16.

Internalfeaturesoftheengineareshowninfigurel(b).Theen-
ginewasequippedwitha can-typeburner.Engineairflowanddiffuser-
exittotal-pressurerecoverywereevaluatedat stationx located57
inchesdownstreamofthecowllip. Conibustion-chamber-inletconditions
werebasedontheflowareaofstation3. Static-pressuretapsusedin
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4 shock-positioningcontrolswerelocatedonthehorizontalcenterline
ofthecenterbody,andtheirlocationsaretabulatedinfigurel(b).
Twototal-pressuretubeswereusedforoneoftheshock-positioningcon-
trols;thefirstwaslocatedinthetipoftheinletspike,andthesec-
ondwasonthehorizontalcenterlineoftheengineslightlyoutsideof —

ti

theenginecowl.A detailofthelattertubeis
figurel(b).

FuelSystem

Thefuelinjectionsystemcomprisedprimary
located17 inchesupstreamoftheburnercan,as
Theprimarysystemcontainedsixnozzlesandthe

alsoSiiown-in

andsecondarymanifolds
showminfigurel(b).
secondarycontained16

nozzles.A pilotburnerwasincludedinthesystemandwaslocatedjust
forwardof thecan. Thefuelusedthroughout‘theprogramwasMIL-F-5624B,
amendment1, gradeJP-4.A servosystemwasusedto controlthesecondary
flowto theengine,ithavingbeenascertainedthatsatisfactoryengine
operationwaspossibleovertherangeoftestconditionswithconstant
prima~fuelflow.

Thefuelsystemcontrollingtheflowto thesecondarynozzlesis
shownschematicallyimfigure2. Thesystemconstitutesan electro-
hydraulicservosystemwhichpositionsa throttleina speciallydesigned
fuelmeteringvalveinresponseto sm inputvoltagesignal.Theservo
systemoperatesh thefollowingmanner:Theinputvoltagevi iscom-
paredwitha positionfeedbackvoltageVf,andthedifferenceorerror
voltageis

T
lifiedbya d-csmplifier.(Allsymibolsaredefinedin

theappendix.Theoutputoftheamplifierisfedtitoa torquemotor
whichmovesthepistonsof a pilotvalveporttighigh-pressurehydraulic
fluidto theappropriatesideofa hydraulicthrottlepowerservo,which
isan inte~alpartofthethrottleasseniblyinthefuelvalve.The
positionof thethrottleissensedby a differential-transformer-type
positiontransducerenergizedby an oscillator.Theoutputsignalof
thetransducerisamplified,demodulated,andfiltered,theoutputof
thefilterbeingthepositionfeedbackvoltage.Thesystemactstopro-
videa linearrelationbetweeninputvoltageandthrottleposition.The
desiguprinciplesusedinthedesignofthethrottlepowerservoare
describedinreference5.

Thefuelmeteringvalveincorporatesa dtiferentialreliefvalve
whichmaintainsa constantpressuredifferentialacrossa meteringori-
fice.Fuelflow,therefore,variesdirectlytiththrottleposition.
Thedifferentialreliefvalvewas,designedforfastresponseandstabil-
ityaccordingto themethoddescribedinreference6.

Thesteady-stateperformanceofthefuelsystemisshowninfigure
3,wherethefuelflowoutofthemeteringvalveisshownas a function

s!! ‘--.&-. .,
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oftheservoinputvoltage.Thedynamicperformanceofthesystemas “f
installedforthetestprogramisshowninfigure4,whereinthe
frequency-responsecharacteristicsoffuelnozzlepress~edropto in-
putvoltagearepresented.Thefrequency-re~ponsecharacteristicti-
cludesthedynamiceffectsofalltheneces6arypiping,andsoforth,
requiredfortheinstallation.Figure4 indicatesthephaseshiftand
theattenuationthathadto
loops.

Forthemeasurementof

be consideredinthedesign-ofthecontrol —

m

Instrumentation 3

enginevariablesduringtransientoperation
oftheengine,itwasnecess~ to selectinstrume~tshavingfastre-
sponseinviewoftheshortresponsetimesexpected.Forthemeasure-
mentofpressureswithintheengine,pressuretransducersQfthevari-
ableinductancetypehavinghighnaturalfrequencietiwereselected.
Connecting-tubingkngthswerekepttoa mi@mm and,whereverpossible,
staticpressuresweremeasuredby transducersscreweddirectlyintothe
static-pressuretap.

Typicalfrequency-responsecharacteristicsofthepressuretrans-
ducersareshowninfigure5. Thesedatawereobtainedfrombench
tests.Thestatic-pressuresensorshowsflatfrequencyresponsefrom
zeroto 300cyclespersecond.Thetotal-pi%6uresensorisslightly
underdamped,havinga peakamplituderatioofapproximately1.2at100
cyclespersecond.

Enginepressyresweresensedbytransducersatthefollowing
locations(fig.l(b)):

Station

x

3
4

Sensor
Type Nuniber

Total1
Static1

}

Static1 Measured
Static1 differentially
Static1

{
Static2
Total2
Static1
StaticllI

Forstea~-stateperformance,thesepressures”weremeasuredly

—

.

—
.-

manometers. ,
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* Forthemeasurementofangleofattackandexitareadurtigtran-
sients,slide-wirepotentiometerswereused. Theexit-areaindication
wasobtainedby sensingthepositionoftheexitnozzleplug. Im steady
statethesevariablesweremeasuredby counters.

Fuelnozzlepressuredropwasmeasuredby strain-gage-typepressure
transducersconnectedapprox~tely6 fichesupstreamofboththeprim-
ary andthesecondaryfuelnozzlesandreferencedto theairpressure
intheregion.Thesepressuretransducershadflatfrequency-response
characteristicstoat least50 cyclespersecond.Forsteady-state
measurements,thefuelpressuresweresensedby Autosynt~epressure
trsmsmitters,andthefuelflowwasmeasuredby rotameters.

Alltransientmeasurementswererecordedonsensitizedpaperina
gal.vaaometricosciU.ograph.Thegalvammeterelementswithnaturalfre-
quenciesfrom200to 500cyclespersecond,dependhgontheamountof
filteringdesired,wereused.

ControlComputer

Forthecontrolsinvestigation,thenecesssrycomputationwasper-
formedby an electronicdifferentialsnalyzerwhichcomprisesracks4 to

● 6 oftheequipmentshowninfigure6. Thecomputerperformstherequired
operationsthroughtheuseofhigh-gaind-coperationalsimplifiersand

*! associatedplug-ininputsndfeedbackimpedances.Nonltiearoperations
suchasmultiplicationareperformedby computerelementscontainedin
rack4. Foroperationsof thecontrolsystems,theoutputofthecon-
trolcomputeris-fedintothefuelcontrolchassiswhichislocatedin
rack3. Therecordingequipmentisshownh rack1.

TESTPROCEDUREANDRANGEOFVARIABLES ‘
f

Thetestprograontheram-jetenginecoveredthefollowingrange
offllghtconditions:flightMachnumber,1.5to 2.16;szibientstatic
pressure,730to 358poundspersquarefootabsolute;angleofattack,
zeroto 10°;andnozzle-exitarea,69to 55percentofthecombustion-
chsmherarea.

ENGINEDYNAMICS

Imtheengine-dynsmicsphaseofthetestprogram,theenginewas
. subjectedto disturbancesinfuelflow. Thesecondaryfuelflowwas

subjectedto stepchangesofvaryingmagnitudesfroma numberof initial
levelscoveringtheengineoperatingrangeticludingbothsupercriticsl

. andsubcriticaloperation.Duringallimposedtransients,therelevant
dependentandindependentenginevsriableswererecordedonthe
oscillograph.
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CONIROLTESTS

Thesteady-stateperformanceofthecontrolsystemsinvestigated
wasobtainedby settingthevariouscontrolsystemsinoperationandob-
servingtheperformanceoftheengine-controlcombinationovera range
of simulatedflightconditions.

Thecontrolsystemstestedcomprisedtwodifferentcontrolcate-
gories,continuous anddiscontinuous.b theformer,themagnitudeof
thecorrectiveactiontakenby thecontrolisa continuousfunctionof
theerrorordeparturefromthecontrolpoimt.Whencorrectiveaction
istakenby thediscontinuouscontrol,themagnitudeofthecorrective
actionis independentofthemagnitudeoftheerror.ThiPtypeofcon-
trolisoftenreferred-toas en “on-off”control.

Fortheinvestigationofthedynamicsoftheconttiuous-controlsys-
tems,thecontrolledenginewassubjectedtofuelflowdisturbancesby
addtiga stepfunctionto theoutputofthecontrol.Theresponseof
theengine-controlconibinationtothesedisturbanceswasrecordedonthe
oscillograph.Thesetestswererepeatedfordifferentsettingsofthe
controlparametersovertherangeofflightconditions.

Forthediscontinuous-controlsystems,disturbanceswereintroduced
bymanuallybr~ing theenginefuelflowto a levelwhichwasawayfran
thecontrolpointandthensettingthecontrolinoperation.Themanner
inwhichthesecontrolsystemsrestoredtheengine
pointwasrecorded.

RESULTSANDDISCUSSION

tothedesiredcontrol

ENGINESTEADY-STATEF!FRFORMANCE

As notedinreference2,theproblemof controlofa supersonic
rem-jetenginemaybe resolvedintothedeterminationofthemethodof
manipulationoftheengineinputvariableto attainsati~factory,or
desired,diffuserpiirfcmmancebecausetheoperatingconditionofthe
diffuserdetermines thethrustoutputandefficiencyoftheengine.

Theperformanceoftheengineused@the investigationreported
hereinisshowninfi e 7.

r
Thisfigureshowsthevariationofdif-

fuserpressureratio i.e.,theratioofdiffuser-exittotalpressure60
ambientstaticpressure)withenginetotal-temperatureratioat sever~
simulatedflightMachnunibersandanglesofattack.Theenginetotal-
temperatureratiois,ofCourse, a mction-of the fuel-air ratio and
the-combustionefficiency.

&l n..+

.
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4 At zerosingleof attack,theengineoperatedbothin
icalendsubcriticalregions(i.e.,withthenormalshock

7

thesupercrit-
insideor out-

sidethediffuser,respectivefi)throughouttherangeofMachnu.nibers.
At thisangleofattack,strongdiffuserbuzzexistedinthesubcritical
regionat&ch nuuibersof1.79andhigher.At Mach1.5,thediffuser
pressurepulsationsobservedwereofa muchsmallerorderofmagnitude
thanthoseobservedat thehi~er Machnuuibers.

At Machl.5and10°angleofattack,subcriticaloperationwaspos-
siblealthoughaccompaniedby diffuserbuzz.At Mach1.79and10°angle
ofattack,theengineoperatederraticallywhensubcriticaloperation
wasattem@edandtheenginefrequentlyblewout. At Mach1.99and10°
angleofattack,itwasimpossibleto obtainsubcriticaloperation.

ThefolLowinglistindicatestheadoientstaticpressuresandthe
totaltemperatureswhichexistedinthewind-tunneltestsectionatdif-
ferentflightMachnumbers:

Free-stresmMbientpressure,“Temperature,
Machnuuiber,lb/sqftabs OR

%

I 1.50
I

730 I 565
1.79 545 585 I
1.99 460 610
a2.16 a358 610

%Engtie-inletconditiononly,attainedby
inclined-platetechnique. !

ENGINED-CS

Thedynamicresponseofpressureswithinthe=-jet enginetodis-
turbancesinfuelflowwasfoundto consistof twopredominantphenom-
ena. Thefirstisa deadtimeandcanbestbe illustratedby figure
8(a),whichshowsa typical.transientresponseto a fuelflowdistur-
bancewiththeengtieoperatinginthesupercriticalregion.Forthis
run,theenginewasoperattigatMach1.8andzeroangleof attackat
a initialdiffuserpressureratioof4.41. Theenginewassubjected
to a fuelflowdisturbancesufficienttobringitto a ftialpressure
ratioof5.14. It canbe seenthattheinputvoltageto thefuelservo
waschangedina stepwisemanner;andthefuelflow,whichisa function
ofthesecondarypressure,startedto increaseaftera d“eadtimeofabout
0.013secondandreacheditsf~ valueabout0.04secondlater.Four. enginepressuresareshownontheoscillogrsm,sadit isseenthatthese
pressuresdonotstartchanginginresponseto thechangeinfuelflow

s untilapproximately0.025secondafterthefuelflowhadbegunto change.
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Froma preliminaryexaminationofthedatataken,itappearsthatthe
deadtimeintheresponseofpressureto xl flowvariesfraa~roxi- k“
matel.y0.02to0.05secondoverthersngeofengineandflightconditions
investigated. —

Thesecondcharacteristicoftheresponseoftheenginepressures
to fuelflowis a lead-lagcharacteristic,thatis,a responsewhich

.-—
mightbe characterizedby a transferfunctionofthetype

This
ical
zero
that

1 + (TTS m
G(s)=— 1+’CS” -3

responsechai?qcteristicisevidentinfigure8(b),whichisa typ-
transientrecordforsupercriticalengineoperationatMach1.8and
angleof attack.Thechartspeedforthisrecordismuchlessthem
shownh figure8(a)audbringsoutthelead-lagcharacterofthe

response.Thed~ffuse&&xitpress~esappearto responddirectlypro-
portionalto fuelflowatfirstandthen,afterfuelflowreachesits

—

finalvalue,theyapproachthefinalsteady-statevalueinanexponential
manner.Thedeadtfieintheresponseisalsoevidentinthisrecord.
Preliminaryexsmtiationofthedatashowsthattheriseratio(i.e.,the
ratiooftheinitial.jumptothetotalchangeinthevariable)varied
from0.5to 1.0overtherangeoftestconditionssmdthatthetimecon-
stsmt,whichmaybe usedtocharacterizetheapproximatelyexponential

-..-

partoftheresponse,variedfromapproximately0.1to 0.4secondover
Q

thisss.merange.
P-

CONTROLSINVESTIGATIONS

Becauseofthenumberofsystemsinvestigated,thedescriptionof
thecontrolsystemsandthecharacteristicsobservedwillbe discussed
individuallyinthefollowingsections.

Shock-PositioningControls

Engineperformanceisdirectlyrelatedtothepositionofthe
normal-shockwavewithinthediffuser.Hence,noimal-shockposition
csmbe employedas a controlvariablefortheram-jetengine.A series
of suchcontrolsystemswasinvestigatedduringthetestprogram.

Theoperatingprinciplesaregivenschematicallyinfi~e 9.
Thesesystemsemployedthepressureriseacrossa normaL-shockwaveto 1-”
determinewhentheshockpasseda givenposition. —

Thefirstsystemwasdesignedtopositiontheshock.15 inchesdown-
9

stresmofthecowllip(stationd) endissketchedinfigure9(a).This
systemisdesignatedtheAPIcontrol.A static-pressureissensedat _. p ,

—
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a stationd anda referencestaticpressureissensedat a taplocatedat
thecowllip(stationb, fig.l(b)).Thedifferencebetweenthesepres-
suresisthecontrolsignal.If thefuelflowistoolow,thenormal
shockislocateddownstreamofbothpressuretaps. Becausetheareaat
stationd isgreaterthanthatat stationb andtheflowissupersonic,
thepressureat stationd islessthanthepressureat stationb andthe
controlcallsforan ticreaseinfuelflow. Whentheshockwaveisbe-
tweenthetwopressuretaps,as infigure9(a],thepressureat station
d ismuchgreaterthanthereferencepressure,whichcausesthecontrol
to callfora decreaseinfuelflow. Ifthenormalshockisexpelled,
thepressureat stationd issti3J.greaterthanthereferencepressure,
becauseunderthesecircumstancestheflowwithinthediffuserisall
subsonicandthegreaterareaof stationd resultsina pressurehigher
thanthereferencepressure.Thisdifferencecanbe quitesmall,but
stillsufficientlylargethatpropercontrolactioncanbe taken.

Thesecondshock-positioningcontrolsystemwasdesignedtoposit-
ion thenormalshockat a position6 inchesfromthecowllip(station
c,fig.l(b))andisdesignatedthe@U control.Stationc hasa
flowareaonlyslightlylargerthanthatofthediffuserthroat.The
referencepressuretapwaslocatedat stationa,whichisonthediffuser
conesurface1 inchfromthespiketip. Thisreferencepressurelocation

* waschosenbecauseitissufficientlyforwardthat,intheflightspeed
rangeconsidered,theenginetemperatureratioavafiblec~ot forcethe
normalshockto thispoint.Whenthenormalshockisbehindthedesired

i location,thecontrolpressureisapproximatelyequalto thereference
pressure;andwhentheshockiSfm=d of thedes~edlocation)thecon-
trolpressureisgreaterthm thereferencepressure(fig.9(b)).

Thethirdcontrolsystem(fig.9(c))ws desUwedtoPositionthe
normalshockatthecowllipandiSdesiaatedthe4111 control”The
controlpressurewassensedonthesurfaceofthecenterbodyat station
b. Thereferencepressureemployedinthissystemwasthesameas that
usedfortheApllcontrol.

ThevariationofthedifferencebetweenthecontrolPress~e~d
thereferencepressureisplottedas a functionoffuelflowinfigure
10forallthreeshock-positioningcontrols.Theterm“adJusted”is
appliedto thecoordhatedefinitionstoaccountforthefactthatsll
valueswerecorrectedtoa setofstandardpressuresandtemperatures
inthetestsectionofthewindtunnel,thesevariablesbeingsubject
to theeffectsoftheday-to-dayvariationsinambientatmosphericcon-
ditionsat thelsboratoti.No individualdatapoints
figuresbecausethecurveswereobtainedby graphical

s appropriatepressure- fuelflowcurves.

Thepressuredifference- fuelflowrelationbas
● thenormsl-shockwavepassesthecontrolpoint.This

areshownonthese
subtractionsof

a finiteslopeas
istheresultof
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thefactthatat thestatio~susedforcontrol
oftheshockwaveandtheboun~” layeralong

NACARM E54H10
●

Pqoses theinteraction .- J ‘
thecenterbodvofthe.

engineproducesa gradualaxialpress~eprofileacrosstheshockzone .—
ratherthana discontinuityinpressure.

Continuous-Shock-PositioningControls

Theblockdia emofthecontinuous-shock-positioningcontrolsis
??showninfigure11 a). Inthissystemthecontro~edvariable,thedlf- “ ‘-

ferentialpressure,issensedbya pressuretrsmsduceyofthesamet~e 3
usedintheengine-dynamicstests.Theoutputsignalofthetransducer
issmplifiedby”a-carriersmplifierwhichcontainsa biasingnet~rk

,.

thatis usedto setthedesired.valueofthedifferentialpressure,that “___
is,thereferenceinputtothecontrol.Theoutputofthisamplifieris —

thustheerrorsignalwhichisfedintothecontrolcomputerthatwas
-.

setup intheelectronicanalogcomputer.Thecomputerwaswiredas
shownh figurel.l(b)toyieldproportional-plus-integralcontrolaction.

-.

Theoutputofthe’computerissenttitothefuelservosystem,which —
changesthefuelflowtotheenginesuchthatthesetdifferentialpres-
sureisachieved. —

Thevaluesofdifferentialpressuresetforthedifferentcontrols
areshowninfigure10. Forthetestsofengine-controldynamics,the ● .
disturbancesweretitroducedby addinga step-functionvoltageofappro-
priatemagnitudeandsi~ tothesummingnetworkofthecontrolcomputer .
(i.e., petit 5 infig.l.l(b)).

Steady-state-performmce.- The
continuous-shock-positioningcontrol
superimposedontheenginemap. The

s-

steady-stateperformsmceofthe
systemsisshowninfigure12

—

APIcontrol,whichpositionedthe
shock15 inchesdownstreamofthecowllip,seta highlysupercritlcal
operatingconditionintheengineas indi~.tedby thecircularsymbols.
The”&IIcontrolsystemmaintainedtheshock6 inchesdownstreamof
tnecowllip,andtheoperatinglinewhichitsetwasquiteclosetopeak
engtieperformance.At Mach1.5itwasnecessarytorebiasthecontrol
systembecausethesetpressuredifferentialof+560poundspersquar&-
footprecludedsatisfactoryoperationatthisflightspeed.Therebiased
operatingpointisshownby thesolidsqme symbol.The4111 con-
trol,designedtokeepthenormal.shockatthecowllip,providedthe
operatinglineshownby thediamond-shaped.8yni%ols.Theengineoperated
slightlysubcriticalatMach1.99,butwasatornearcriticalat other
Machnumbers.Hereagainitwasnecessarytorebiasthecontrolsystem
foroperationatMach1.5becausetheoriginalchoiceofa biasof+603
poundspersquarefootdidnotpermitoperationatthisflightcondition.
It isapparentfromthecurvesoffigures10(b)smd(c)thata single
judiciouschoiceofthebiasingpointwouldhavepermittedsatisfactory
operationofbothofthelattertwocontrolsystemsovertheentirerange

-. .—

-.

●
✎

.
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* oftestconditionswithoutthenecessityofrebiasingthecontrols.This,
of course,requiresaccurateknowledgeoftheenginecalibrationpriorto
settingup thecontrolsystem.

Dynamicperformance.- Thedynamic-responsecharacteristicsofthe
continuous-shock-positioningcontrolsystemsareshowninfigures13 and
15,whereinsreplottedthevariationoftheresponsetimeofthecon-
trolledengineto disturbancesinfuelflowas functionsof loopgain,
reciprocalintegratortimeconstant,anddisturbancesign. Forthecon-
tinuouscontrols,theresponsetimeisdefinedasthetimerequiredto
reducetheerrorsignal63percent.Theloopgainisdefinedasthepro-
ductofallthegabs aroundtheloopandthecoefficientof the
proportional-plus-titegralcontrolcomputerfunctionK.

TheresponsecharacteristicsoftheconttiuousAplcontrolare
showninfigure13 fora disturbancemagnitudeof 556poundsperhour
offuelflow. TheenginewasoperatingatMach2.0at zeroangleof
attackduringthesetests.It isseenthattheresponsethe decreased
withdecreasingintegratortimeconstantandtithincreasingloopgain.
Forallthedatashowninthisfigure,thesystemwasstableandthere
wasno sustainedoscillation.

A typicaltransientresponseforthecontinuousAplcontrolsys-+
ternisshowninfigure14. Thisfigureshowstherespogseoftheengine
andcontrolcotiinationto a disturbanceinfuelflowof+556poundsper

● hourwiththeengineoperatingatMach2.0andzerosngleof attack.The
controlsettingswere: loopgati,0.204;integratortimeconstant,0.05
second.Afterthedeadtimeintheresponseofthecontrolpressure,the
controlactsto decreasethefuelflowtotheengine,andtheengineis
returnedto thesetpetitinan almost-exponential.mannerwithbuta slight
undershoot.Theresponsetimeforthisparticulartrsnsientis0.18sec-
ond,whichisrepresentedbythesoliddatapointof figure13(a).

TheresponsecharacteristicsofthecontinuousAp~ controlare
showninfigure15. Thiscontrolexhibiteda variationofresponsethe
withcontrolparameterssimilarta thatobservedforthe41 control.

A transienttypical-ofthoseobtainedfokthecontinuousAplll
controlisshowninfigure16forengine.operationatMachn~ber 2.0
at zerosagleofattack.Thedisturbancemagnitude.was.+278Po~~ Per
hour. Controlsettingswere:loop gain,3.04;integratorthe constant,
0.02second.Theover-alldeadtimeintheengine-controlsystemis
veryevidenth thisrecord,withcorrectiveactionby thec~trolbe~g”
initiatedabout0.035secondaftertheinitiationofthetransientin.
fuelflow.~ responsetimeforthistrsmsientis0.13second,which
isrepresentedby thesoliddatapointoffigureX5(a).

.
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Datacoveringa sufficientlywiderange

notavailablefortheAp7Tcontrol;however,

.-

NACARM E54E10
d

of controlparametersare
thedatathatareavail- *

,,
ableindicatedresponse~--s ofthesameorderofmagnitudeasthose
observedfortheAplllcontrol.

A typicaltransientresponsefortheApllcontinuous-shock-
positiontigcontrolisshowninfigure17. Forthisruntheenginewas
operatingatMach2.0at zerosmgl.eofattackandwassubJectedto a dis-
turbanceinfuelflowof +556poundsperhour.Thecontrolsettingswere:
loopgain,2.32;integratortimeconstant,0.033second.Thetrs,nsient m
infuelflowdrovetheengineintosubcriticaloperationas canbe seen 3
fromtheoscillationsinthediffuser-exittotal-pressureandAplu .—

traces.Thecontrolactedtoreducethefuelflowtotheengine,and
theresultingresponsetimeforthistransientwas0.15second.

Allthecontinuous-shock-positiontigcontrolsexhibitedthec@-
acteristicthattheresponsetimewasdifferentforpositiveandnegative
disturbancesinfuelflow.Thisispartiallytheresultofthechoiceof
biaspointinthecontrolsett@, whichleadsto saturationoftheerror
signal.soonerinonedirectionthantheother,andcanbe inferredfrom
thecontrolvariablecurvesoffigure10. Thesaturationoftheerror —
signalalsoleadsto differentresponsetimesfordifferentmagnitudes

—

ofdisturbances. -.
*

Discontinuous-Shock-PositioningControls #

A blockdiagramoftheshock-positiontigcontrolwithdiscontinuous
controlactionis showninfigure18. Insteadofa continuouserrorsig-
nalactuatingthefuelservo,thistypeofcontrolactionusesan actua-
tingsignaloffixedmagnitudegeneratedby a“differential-pressureswitch
sensingthedifferenceinpressurebetweenthatatthecontrolpointand
thatatthereferencepressuretap. Thepressureswitchusedisshow
schematicallyinfigure18(b).Theinternalvolumeofthisswitchis
approximately2 cubiccenttieters.Theswitchhasa rubberdiaphragm
securedbetweentwoelectriccontactpoints.Dependinguponthemagni-
tudeofthepressuredifferential,theswitcheitherclosesoneofthe
twocontactsorneithercontactisclosed.Theswitchthuscontainsa
pressuredeadband. Theclosingofoneortheotherofthetwocontacts
connectsa controlcircuitto eithera positiveornegativefixedvoltage
source.ThecontrolcircuitisanRC networkenergizedbytheinput
voltagefrcmtheswitch.Thevoltageacrossthecapacitorisamplified
by a d-camplifier,andtheamplifieroutputisfedintothefuelservo
inputthusprovidinga fixedrateofchangeoffuelflowh responseto
theerrorsignal.Thecharacteristictimeofthe RC circuitwasadjust-
able,permittingchaqgesintherateofcwge offuelflowsetbY the _
controlcomputer.Thesetttigsofthepress~eswitc@susedforthe
twodiscontinuous-shock-positioningcontrolstestedaretidicatedti
figures10(a)and(c).

—

—
9

!? -

&iL--
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k Steady-stateperformance.- Theoperatinglinesobtainedfromthe
discontinuous-shock-positioningcontrolsystemsareshowninfigure19.
Onl.Y41 and41H controlswereinvestigatedby thiscontroltechnique.
Fortheformer,theoperatinglinesareverysimilartothoseobtained
withthecontinuous-actingAplcontrol.Thecontroldesignedtomain-
taintheshockat thecowllip(AP1ll)operatedfrom~ch 1.79to 2.16)
settingpeakperformanceup toMach1.9andthendeviatingto subcritical
operationat14achl.99.OperationatMach1.5wasnotpossibletiththis
systembecauseofthesettingofthepressurestitch.

Dymmicperformance.- Theresponsecharacteristicsofthe
discontinuous-shock-positioningcontrolsareshowninfigure20,where
theresponsetimeisplottedasa functionoftherateof chsmgeof fuel
flow. tigeneral,thediscontinuouscontrolsinvestigatedoscillatedh
steadystate;therefore,forthesecontrolsystemstheresponsetimehas
beendefinedasthetimerequiredforthecontrolledvariabletofirst
crossthesetoperatingpetitduringa transient.Becauseofthefixed
rateofchangeoffuelflowsetby thecontrolsystem,theresponsetime
shouldvaryapproximatelyhyperbolicallywiththesetrateof changeof
fuelflowfora fixed-disturbanceamplitude.Thischaracteristicis in-
dicatedonfigure20by thedashedcurves,whichareplottedfordistur-
bancesinfuelflowof1030and2000poundsperhour.Thedatapoints

●
shownarethoseobtainedby displacingtheenginefromtheoperattig
pointmanuallyandthenactivattigthecontrolsystem.Theamountthe
fuelflowwasdisplacedis tidicatedforeachdatapoint.Responsetimes

w wereapproximatelythesameforbothpositiveandnegativefuelflowdis-
placementsbecauseoftheconstszrbrateof changeoffuelflowsetby
thecontrolsystem.

Theamplitudeof steady-stateoscillationresultingfromthedis-
continuouscontrolactionisshowninfigures21(a)ad (b)fortheAP1
ad .AP1llcontrols,respectively,as a functionofthesetrateof
changeoffuelflow.Thecontrolsystemsoscillatedinsteadystatefor
allbutthelowestsetratesof changeoffuelflow,andtheobserved
oscillationwasslightlygreaterfora givenrateof changeoffuelflow
forthe4111 controlthm forthe~ control.Theoscillationampli-
tudeincreasedlinearlywithincreasingrateofchangeof fuelflowas
wasexpected.Thefrequencyoftheoscillationsinallcaseswasapprox-
i.mteJy4.5cyclespersecond.Becauseoftherelationsbetweenresponse
ttie,oscillationamplitude,andthesetrateof changeof fuelflow,it
isapparentthattheshortertheresponsetimerequiredfora givenappli-
cationthelargerwillbe thesteady-stateoscillation.

Infigure22 isshowntheresponseofthediscontfiuousAP1sYs-.
ternafterithadbeenactivatedwiththeengineoperatingat a fuelflow
of 1600poundsperhourabovethatwhichexistedwiththenormalshock

& properlypositioned.Thishighfuelflowplacedtheenginewe~ within
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thedMfiiBerbuzzregionatMach2.0andze-~.angleofattackasevidenced E
by thepulsations.inthediffuser-exitpressure.Thesetrateofchange
offuelflowforthistransientwas7150poundsper”hom”perse-cond,&d “-
thealmostlinearchangeoffuelflowresultingyieldsa respmsetimeof
0.29secondwitha residualsteady-stateoscillationof 755pountiper”
houroffuelflow”atapproximately4.5cyclespersecond.Thiscorre- —
spendsto thesolidcirculardatapointof&igure20.. “ “ ““.: ‘- “:.; “~

A typicaltransienthistoryforthediscontinuous4H1 shock- m
positioningcontrolisshownimfigure23. Inthistransientthecontrol
wasputinoperationaftertheenginehadbeenmanuallyplacedat“m - -3
operatingconditionwherethefuelflowwaS1370poundsperhourbelow’
thatrequiredforthedestiedoperatingconditionatMachnumiber2.0and
zeroangleofattack.Theresponsetimeforthistransientis0.26sec-
ond,andtheresidualsteadyoscillationwasequivalentto 805pounds —

perhouroffuel.flowforthesetrateof changeoffuelflowof 7150
po~dsperhourpersecond.This”transientcorrespondstothesolid

-...

squaredatapointof figure20.

FlightMachNumberControlBased”OnDiscontinuous-

Shock-PositioningPrinciples *“.—

A controlsystemdesignedtoregulatetheflightMachnuniberofa ~, -_
ram-jetvehicleandemployingtheprinciplesof disconttiuousshock ,_ - ‘V-
positiontigwasinvestigatedduringthetestprogram.Thesystemisa
cascadeoftwoshock-positioningcontrolssoarrangedthattheengine
willproducehighthrustatMachnurtibersbelowthedesi~Mch number‘of‘“ ‘-”
theinletandwillproducea reducedthrustiat flighthkchnumbersabove
thedesignvalue.

-. —

Theprincipleof operationofthiscontrols~stemisshowninfig-
ure24. Thedifferenceinthepitotpressuremeasuredatthecowllip_
‘2 andthepitotpressuremeasuredatthetipoftheinletcone Po’
issensedby a differential-pressureswitch.Thispressureisusedin
a shock-positiontigloopdesignedtopositionthenorml shocksuchthat““ ““ -
thesliplinegeneratedattheintersectionoftheobliqueandnormal
shocksinterceptsthetuberneaswingPZ. ~is .is””d@si&atedthePr-

—

looporsystem.
.—

At flightMachnunibersbelowdesign,theconditionsshowntnfi~e
24(a)prevail.Ifthefuelflowistoolow,”t,henormalshockwillbe

—

closetotheinletandthesliplinewill~ss outsideofthecowl.
Undertheseconditionsthepi>otpressu&erneasur&datthecowlwin be w“
greaterthqnthatmeasuredatthetipofthespike,and”thecontrolacts
to increasethefuelffiw.ll%isforcesthenormalshock-forwarduntil
thesliplinefallswithinthecowl.The~ressureatthecowlisthen

*

x!!i
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4
approximatelyequalto thatatthetipofthespikeandthiscausesthe
pressureswitchintheprimryloopto seta secondarylooph operation.
Thissecondaryloopis the41 controlsystemwhichactsto reducethe
fuelflow,becausetheshockistoofarforwardfortheAPIsystem.
Thecmibinedcontrolactionofthesetwosystemsresultsinsubcritical
operationforflightMachnuuibersbelowtiletdesignMachnumber,which
yieldsessentisU.ymsxhumthrust.As theflightMachnumberincreases,
theoblique-shockangledecreases,thenormalshockapproachescloserto
thecowllip,sadtheengineapproachescriticaloperationat inletde-
signMachnumber(fig.24(b]).As flight~ch nuuiberincreasesf%zther,
theobliqueshockfallswithinthecowllip(fig.24(c)),whichresults
inequalpressuresat thecowllipandatthetipofthecone.Under-
theseconditionstheprimarystitchalwaysactivatesthesecondarysys-
temandtheengineoperateson the41 controlyieldinga lowthrust
level.

Forapplicationtoa missilespeedcontrolsystem,theenginewould
havetobe designedsothatwithcriticalengineoperationtherewould
be a thrustwargtiat theinletdesignMachnumber,andthereduced
thrustprovidedby thesecondarycontrolsystemwouldhavetobe below
thatwhichwouldsustainflightatconstantvelocity.Withthisarrange-
menttheover-allcontrolsystemwouldactto setthemissileflight
speedattheengine-inletdesignspeedandthemissilevelocitywould. tendto oscillateaboutthispoint.

4 A blockdiagramof thiscontrolsystemisshownh figure25. The
twodifferentialpressuresaresensedbypressureswitches;anddepending
uponflightMachmmiberandengineconditions,thea~ropriateshock-
positioningsystemfunctionsandsendsa signalto a controlcircuit
whichprovidesa constantrateofchangeoffuelflowtotheengine,in-
creasingordecreasingthefuelflowdependinguponthesignoftheerror

Theinterconnectionsof thetwopressureswitchesareshownin
;?~%”25(b). Theprimaryswitchissoarrangedthat,whenthediffer-
entialpressureisapproximatelyzero}itactivatesthesecondaryswitch
whichisconnectedas fortheAP1shock-position~gcontro~”

Thedifferentialpressuresensedby theprimarypressureswitchis
shownasa functionof fuelflowforseveral-Machnuuibersinfigure26.
Theprtirypressureswitchwassetsothatfordifferentialpressures
greaterthan+35poundspersquarefootitwouldclosethecircuitl
calM.ngforan increaseinfuelflow;andfordifferential.pressures
lessthan+25poundspersquarefoottheprimaryswitchwouldactivate
thesecondarypressureswitchsnd,hence,the41 control.At Mach
2.16,whichisshowninfigure26(a),it isseenthatthesecondary

. stitchisalwaysactivated.At l&ch1.8,thesecondaryswitchcouldbe
activatedwhenthefuelflowwasbetween3600and3903poundsperhour.
Thisis,ineffect,an additionaldeadbtidin

. ofaerodynamicorigtijcausedby thethickness

B!f’&-
.=
h

thecontrolam 1s Mrgely
of theslip“ltie.”At
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Bkch1.5,theintersectionoftheobliqueandtheexpellednormalshock
isfurtherforward,whichresultsina stillthickerslip“ltie”atthe
cowl-lipmeasuringstation.At thisflightconditiontheover-alldead
bandisequivalentto approximately500poundsperhouroffuelflow.

Theengineoperatinglineobtainedunderactionofthiscontrol
systemissuperimposedontheengineperfomnancemapinfigure27. For
flightMachnumbersfrom1.5to approximately1.9,thecontrolsystem
setsubcriticaloperatingconditions;theeffectoftheaerodynamicdead
bandisindicatedby theshadedarea.At Machnunibersabove1.9,the
seconda~systemwasinoperationsndan operatinglinesimihrtothat
obtainedfromtheAPIshock-positioningcontrolresulted.

‘Thedynamicperformmcecharacteristicsofthiscontrolsystemare
similartothoseresultingfromtheotherdiscontinuous-shock-position_tig
controlsystems.A datapo@t forthiscontrolsystemoperatingatMach
1.5isshownonfigure20andisseento agreewithsimilar dataforthe
otherdiscontinuous-shock-positioningcontrols.Theeffectoftheset
rateof changeoffuelflowonsteady-stateoscillationamplitudefor
thiscontrolsystemisshowninfigure28. Theoscillationamplitude
againticreaseswiththerateof changeoffuelflow.Theeffectofthe
aerodynamicdeadbandisevidentinthefigure.Becauseofthedead
band,no steady-stateoscillationswereobservedbelowa setrateof
chsngeoffuelflowof7150poundsperhourpersecondatMach1.8and
5200poundsperhourpersecondatMach1.5~.,~Intheregionswhereqo
oscillatimsexisted,thefuelflowandhencetheengineoperatingpofnt
coulddriftwithtithedeadband. Thisisobservedinfigure29,which
showsa typicaltransientresponseforthiscontrolsystemoperatingat
Mach1.5andzeroangleofattack.Theenginehadbeendisplacedfrom
theoperatingpointby reducingthefuelflowby1990poundsperhour.
Thesetrateof changeoffuelflowwas2450poundsperhouryersecond,
whichiswithintheregionofoperationwheretheaerodynamicdeadband
actstopreventsustainedsteady-stateoscillation.Thesystemcrossed
thefinalvaluesin0.775second,andthefuelflowdriftedaboutinthe
deadbandandfinallyappearedto settleout;thisisrepresentedbythe
soliddiamonddatapointoffigure20.

DirectControlofDiffuserPressure

As notedinreference2,therelationthatexistsbetweenthepres-
sureattheexitofthediffuserandthethrustofa ram-Jetenginecan
beusedinan enginecontrolsystem.Thevariationofdiffuserpressure
ratiowithfuelflowat severalMachnumbersisshowninfigure33for
theengineusedinthisinvestigation.
obtaina givendiffuserpressureratio
operationinthesubcriticalregionat
valueisprevented.

Thisrelationcanbe usedto
viaclosed-loopcontrolprovided
pressureratiosbelowtheset

.-

.-

g-

8
-.—.

.

.—
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.-

.
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Thereferenceinputtothecontrolsybtemisthesetvalueof dif-S fuserpressuxeratio,andsomemeansmustbe providedto obtatia desired
scheduleof thissetvalueasa functionofflightMachnumber,altitude,
andSO forth.Onesuchsystemwasemployedduringthetestprogrsmre-
portedherein.Thissystemusedwhatmightbe termedan aerodynamiccom-
putationofthedesireddiffuserpressureratioasa functionofflight
Mch numberandinherentlyprovidedtherequiredcompensationforthe
effectsofaltitudepressure.

A small.replicaoftheinletspikewasconst~ctedtitha total-
pressuretubelocatedabovetheconesurfacesothat,intheMachnumber
rangeofthetests,thetubewasalwaysbehindtheconicalshockwave.
Thus,thepressuremeasuredby thistuleisthatbehindan oblique-and
a normal-shockwaveandrepresentsthemaximumpressurecapabilityof
thediffuser.ThevariationofthistotalpressurePac withMachnum-
berandangleofattackis’showninfigure31. Alsoshownonthisfig-
ureisthevariationofthepeakdiffuserpressureratiooftheengtie
at severalanglesofattack.Foranglesofattackup to 5°,thereis
analmostconstantratiobetweenPac end P inthisflightMach
numberregion.As a simpletestforthismet%?%f computation,a fixed
percentageofthetotalpressuremeasuredabovetheauxiliaryconewas
usedastheinputsignalforthecontrolsystem.king thetestpro-
gram,twosuchschedu3.eswereused,w percent=d 85 prcentof pat.* Theseareshowmonfigure31asthedashedlines.

● Theblockdiagramofthesystemtestedisshownh figure32. The
syst= conqmisestwoloops,theftistiSthebasiccontrol100P~d the
secondisa Mnitinglooptopreventengineoperationintheregionwhich
wouldnormallyresultinpositivefeedbackinthebasicloop.

Inthebasiccontrolloop,thetotalpressureabovetheauxilisry
coneissensedby a pressuretransducerandtheoutputisa.nplifiedby
a carrieramplifiersetsothatitsoutputrepresentsa fixedpercentage
ofthemeasuredpressure.Thesmpltiieroutputisthenthereference
or setvalueofthediffuserpressure.Thetotalpressureat stationx
issensedbya pressuresensorintheengtieandissuitablysmplified
by a carrieramplifier.Thissignalisthencomparedtothereference
signal.inan errordetectorandthedifferencebetweenthetwosignals,
or error,istransmittedtotheproportional-plus-integral.controlcom-
putersetup ontheanalogcomputer.Theoutputofthecomputerisfed
intothefuelservo,whichthenactsto changethefuelflowinsucha
mannerthattheerrorisreducedto zero.

—

TheMmitingcircuitoperatesinthefollowingmanner:Thediffer-
. entialpressurecorrespondingto the4111 shock-wsit~n~g control

signal“issensedandsmplifiedby a carrieramplifier..Thisamplifier
issobiasedthatintheeventthenormslshockpassesthecowlliF

.0
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duringa trsnsienta largenegativesignalisproducedandthefuelflow
isreduced.Thiscircuitisoperativeonlyduringsucha transientsnd P
thuspreventspositivefeedbackinthebasiccontrolsystem.

Steady-stateperfomnance.- Thesteady-stateoperatinglinesob-
tatiedduringthetestsofthiscontrolsystemareshownonfigure33.
Twosetpressurevaluesareshowninthisfigure,90and85percentof
P. The90-percentschedulewassetup atMach1.5ad operatedsat-
i%actorilyup toMach1.79.At Mach1.99thissystemfailedto operate
properly.Itwasfoundthatthiswastheresultof%e factthata m
singletotal-pressuretubewasusedto sensethepressureat stationx. 2
Up toMach1.8thistubeindicateda pressureverycloseto theaverage
pressureat stationx. At &ch numbersabove1.8,thereisa shiftin
thepressureprofileat stationx, andtheparticulartubeusedno longer .-

indi.catesa pressurecloseto theaveragevalue.Instead,itreachesa
peakvaluewellbelowthepeakaveragepressti. Failureofthesystem–
atMach1.99indicatesthatthepeakvalueofpressurefromthesingle
tubewasnearlyequalto orpossiblyslightlylessthan90percentof
P. “Thistidicatesthenecessityofusingm averagingrakeinthe
e~~ineto sensethecontrolledpressure.Becauseitwasinconvenient

—

todothti.duringthetestprogrsm,theschedulewaschangedsothat
itset85percentof Pac asthedesiredpressure.Thecontrolthen

—

operatedas expectedintheMachnumberrange-from1.8to 2.0. . v-

It shouldbe notedthatthescheduleusedisonlyoneofmanypos-
sibleschedulesandthatanyschedulemaybe usedwiththistypeofcon-
trolas longastheschedulerequirementsarewithinthelimitsofengine

W_

operation.

Dynsmicperformance.- Thedynamic-responsecharacteristicsofthis
controlsystem&re“showninfigure34foroperationatMach1.5md “zero-

—

angleofattack.Thevariationofresponset- withreciprocalinte-
gratortimeconstantandloopgainisshownfordisturbancesinfuelflow
of&56 poundsperhour.Theresponsethe decreaseswithdec~easing
integratortimeconstsmt,reachinga valueofapproximately0.06second
atan integratorthe constantof0.01secondwitha loopgatiof0.39.
Withan titegratorthneconstantof0.05second,theresponsetime
reachesapproximately0.05secondata loopgainof1.56.Allthedata
showninfigure34representsystemoperationwithno residualsteady-
stateoscillation.Forpositivedisturbances(ticreasedfuelflow)the
responsetimeislargerthaafornegativedisturbances. “.

A typicaltransientresponseoftheengine-controlsystemisshown
infigure35. TheenginewasoperatingatMach1.5andzeroangleof
attackwiththecontrolonthe90-percentschedule.Thesystemwasdis-
turbedfromequilibriumby decreasingthefu~ flowby556poundsper *

hour. Theover-allsystemdeadtimecanbe seentitheservoinputvol-
tagetrace}--wheretheflatportionoftheresponseindicatesthetime L
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* necessaryforthediffuser-exitpressureto changeasa resultofthe
fuelflowdisturbancesothatthecontrolmaybeginto returntheengine
tothesetoperatingpoint.Forthistransientresponsethecontrolwas
setwithan integratorthe constantof0.01secondanda loopgainof
0.39. Thisyieldeda responsetimeof0.064secondwithonlya slight
overshoot.Thistransientisrepresentedbythesoliddatapetitof
figure34(a).

Eow
Pesk-HoldingOptimal.izerControl

Thepeakinthepressureratio- fuelflowcharacteristicsshownin
figure50forthersm-jetengineusedinthisinvestigationmakespos-
sibletheuseofpeak-holdingoptimalizercontrolprinciplesas indicated

A inreferences2 and7. Thepeakpressureratiooccursat orverynear
thecriticaloperatingconditionfortheram-jetengineandtherefore%1= providesa meansof controlthatalwaysproducesmaximumthrustmost

q efficiently.

8 Theoptimalizingcontrolusedinthisinvestigationemployeda test-
signaltechnique.Considertheeffectof imposinga testsignalinfuel
flowontheran-jetenginewhosecharacteristicsareshowninfigure30.
Letthetestsi~albe sinusoidalinnatureandbe representedby

*
AWf=Asinut

●
Whentheengineisoperatxginthesupercriticalregion,thediffuser
pressmewillvaryh responsetothechangeinfuelflowinthis
manner:

A??x=Bsupsimt

Whentheengineisoperatinginthesubcritic~region>thepressure
variationcausedby thetestsignalwouldbe givenby

Cohsidernowtheeffectofmultiplyingthe
underthesetwoconditionsofengineoperation.
operation,

inputandoutputsignal
Forsupercritical

Cosat)

andforsubcriticaloperation,
.

&i’ifA-c?x= ‘~sub Sill 2oYt=-‘+ (1 - Cosat)

#
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Iftheseproductsignalsaresuitablyfiltered,onlythed-ccomponent__
willrematiandasa resultthefo~owingisobtained:Forsupercrittcal
operationthefilteredsignalwouldhe ABsu”2 andforsubcritical

doperation,-ABsub/2.Becauseofthedifferacetis@, theses.j@s--
canbeusedtoactuatea fuelcontrolwhich.tiulda@ toholdpeakpres-
sureinthediffuserby increasingthe&an fuelflowforsupercritical.
operationandto decreasethemeanfuelflowforsubcriticaloperation;

Thistechniquewasappliedduringthetestprogramonthersm-~et
engine,smda blockdiagrsmofthesystemusedisshowninfigure36.
Thetestsignalisappliedsimultaneouslytotwoplaces,a mtitiplier
intheanalogcomputerandthefuelservoinput,whereitisaddedto
theexistinginputvoltage.Thefuelflowthenvariesperiodicallyabout
someaveragevalue,andthisresultsinvariationsinthetotal.pressure
at stationx. Thistotal“pressure.issense”dby a pressuretransducer,
andtheoutputofthesensorisamplifiedby a c“arriersm.plif.ier.The
amplifieroutputispassedthrougha band-passfilterto rexiove”thed-c
levelinthesignalandalsotoremovenoiseinthesignalatfrequen-
ciesabovethatofthetestsignal.Thefilteroutputis,thenfedinto
themultiplier,whereitismultipliedby the”testsignal.Themulti-
plieroutputissentthrougha low-passfiltertoremovethea-c(i.e.,
cosat) term,andthefilteroutputissent.intothefuelservosystem
tovarytheaveragefuelflowto theengine. —

Steady-stateyerfomance.- Thecontrolsystemwastestedon the
ram-JetengineovertherangeofMachrnmibersfrom1.5to 1.99.The
operatingMne achievedisshow h figure37,whereitissuperimposed
ontheengineoperationmap. Thetest-signalmagnitudewasequivalent
toan amplitudeof131poundsperhourinfuelflowandwasappliedat
a frequencyof 2.0cyclespersecond.Thecontrolheldtheengineat
or nearpeakpressurerecovexyfromMach1.5to 2.0,andthemagnitude
ofthetestsignal.wassufficientlysmallthatitdidnotappreciably
affectthesteady-stateperformanceoftheengtie.

Dynsmicperformance.- Thedynamicperfoxce oftheoptimalizer
controlisshowninfigure38fortheengineandcontroloperattigat
Mach1.6andzeroangleofattack.Thefiguz%showsthevariationof
responsetimewithreciprocalintegratortimeconstantforfueldistur-
bancesof 556poundsperhour.At constantcontrolgainof 0.1,the
responsetimeisseentodecreasewithdecretiingintegratortimecon-
stant,reachinga responsetimeofapproximately0.4secondats.atite-
gratortimeconstantof0.05second.It canbe seenthattheresponse
timeismuchsmallerfornegativedisturbancesthanforpositivedistur-
bancesinfuelflow.Thisistobe expectedbecause,as seeninfigure
30,theslopeofthepressureratio- fuelflowcurveissteeperinthe
supercriticalregionthaninthesubcriticalregionandthisleadsto
largercorrectivesignalsfornegativedistm%ancesthanthoseforpos--
itivedisturbancesinfuelflow. It shouldbenotedthat,despitethe
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almostzeroslopeofthepressure- fuelflowrelationof theengineat
Mach1.5inthesubcriticalregion,thecontrolfunctionsproperlyal-
thoughtheresponsetimeiscorrespondinglylarge.

A typicaltransientresponseoftheoptimalizercontrolisshown
infigure39. ForthistransienttheenginewasoperatingatMach2.0
andzeroangleofattack,andthesystemwassubjectedto a disturbance
infuelflowof -556poundsperhour. Thetestsignalisa sinewave.
In steadystate,thefflteredpressuresignal,whichisoneoftheinputs
tothemultiplier,isseentohavethecharacteristicdoublefrequency
resultingfromoscillationabouta peak. Thisshiftstothetest-signal.
frequencyduringtheportionofthetransientwhentheengineisoper-
attigentirelyinthesupercriticalregionandthenreverts@ thedouble
frequencywhenitapproachesthesteady-statevalue.Forthisparticular

.-

tracetheintegratorthe constantwassetat0.05secondandthecmn-
putergainwas0.05,whichyieldeda responsetimeof1.1seconds.

CONCLUDINGREMARKS

containedherein,whichwasobtainedfroma super-Theinformation
sonicwtid-tunnelinvestigationofrsm-jetenginecontrolsanddynsmics,
isofa preliminarynature.*

Thethreetypesof controlsystemsinvestigated(shockpositioning,
. directcontrolofdiffuserpressure,andoptimalizing)operatedsatis-

factorily,andallofferpracticablemeansofcontrollingram-jetengine
operation.AU thesystemsrespondedsatisfactorilyto largedistur-
bances,includingdisturbancesthatplacedtheenginewellintothedif-
fuserbuzzregion.

Of thecontrolsystemstested,theshock-positiontigsystemswere
thesimplestto implementandwerefollowedinorderof complexityby
thedirectcontrolof diffuserpressureandtheoptimal.izercontrol.

Theresponseof enginepressuresto disturbancesinfuelflow
appesrstobe a combbationofa dead-time-anda lead-lag-type
response.Thedeadtti variedfromapproximately0.02to 0.05second,
theriseratiofrcun0.5to 1.0,@ thetimeconstantoftheexponential
portionofthelead-lagfrom0.1to0.4second.

LewLsFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,August17,1954
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ARENDIX - SXMBOLS
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Thefollowingsymbolsareusedinthisreport:

test-signalsmplitudeforoptimalizercontrol

slopeofdiffuser-exittotalpressure- fuelflowcurve

capacitance

generalfunction

gatiofproportionalpartofcontrol

Machnumber

totalpressure

staticpressure

resistance

complexoperator

time

voltage

inputvoltageto fuel.servo

8

—

—
;.

9

*
.—

positionfeedbackvoltageoffuelvalve

pressure-sensoroutputvoltage .—

controlfeedback

control-computer

fuelflowJ”lb/hr

angleof-attack,

voltage

outputvoltage

deg

fuelnozzlepressuredrop

pd-pb .



NACARM E54H10

AP1l Pc - pa

4111 % - ‘a

5 disturbancefunction

A percentageofmaximumpotentiometerresistanceincontrol
computercircuit/100

G riseratio

‘r timeconstant

‘r integratorthe constant

u angularfrequency,radians/see

Subscripts:

a

8 ac

b
.

c

d

e

z

H

sub

sup

x

1

. 3

,

1 h. behindconetip

auxilisrycone

plsneof cowllip

6 in.insidecowllip

15 in.insidecowllip

error

cowllip

maximum

subcritical

supercritical

diffuserexit

engineinlet

combustion-chaniberinlet

23
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4 nozzleinlet

6 engineexit

Superscript:

I pressurebehindnormalshock
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Figure 1. - 16-Inchram-jetengine.
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Pb=-P~ % ‘< Pd

Low fuelflow Highfuelflow

(a)Shockpcmitioned15 inchesdownstreamof.planeof cowl

e=
Pa“ Pc

Lowfuelflow

(b)Shockgcmitloned6 inches

e==
(c)

Pa=%

Low fuelflow
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..

Veryhighfuelflow

lip (ApI

4=
downstreamofplane
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Highfuel?1OW
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control~.– -

.

control).

..=

.-

+

pa<%

Highfuelflow
.— .-

at cowl-lipplane(APT1lcontrol).

Figure9. - Principlesof operationof severalshock-positioningcontrols.
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control
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Figure12.- Steady-stateperformanceof threecontinuous-shock-~sitioning
controls.Engineexitarea A6,0.96squarefoot. —
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Figure13.- _ic responsecharacteristicsofcontinuous
APIcontrol.FlightMachnumber~, 2.OJzeroangleof
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disturbance,556poundsperhour.
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Figure18.- Schematicdiagramofdiscontinuous-shock-positioningcontrol.
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Figure 39. - Respmee of optlma13zercontrol. Flight Mach number ~, 2.Oj zero angle of attmlq

fuel flov dlsturbence, -556 punds per hOIRJ COWUteX gdllj 0.05j control Integrator time
constant, 0.03 second.
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